wjmyuiu 






NASA Technical Memorandum 81611 

| ■■■ • • •• " 

( NASA -III"' 81 6 11) OFF-DESIGN ANALYSIS OF A N81-16571 

fc|AS XUnBINE powerplant augmented by steam 

111 JEuTION USING VARIOUS FUELS (NASA) 29 p 

iiC / G.v'MF A0 1 CSCL 10B Unclas 

G3/44 41169 

| - - ■ 

Off-Design Analysis of a Gas Turbine 

Powerplant Augmented ±>y Steam 
Injection Using Various Fuels 


Robert J. Stochl 
| Lewis Research Center 
Utveland, Ohio 


November 1980 


IW\S/\ 


OFF DESIGN ANALYSIS OF A GAS TURBINE POWER PLANT AUGMENTED BY 


STEAM INJECTION USING VARIOUS FUEL TYPES 
by Robert J. Stochl 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

The results of an analysis to estimate the off-design performance of a 
specific gas turbine powerplant with steam injection are presented. Results 
were obtained using coal-derived low and intermediate heating value fuel gases 
and a conventional distillate. The turbomachinery characteristics used in the 
calculation of off-design operation were scaled from available performance maps 
of aircraft type gas turbines. 

The results indicate that steam injection does provide substantial in- 
creases in both power and efficiency within the available compressor surge 
margin. The results also indicate that the increase in performance with steam 
injection is insensitive to the type of fuel. Also, in a cogeneration applica- 
tion, steam injection could provide some degree of flexibility by varing the 
split between power and process steam. 


INTRODUCTION 

A concept for simultaneously increasing the power output and efficiency of 
a gas turbine is based on the injection of steam into the combustor of the gas 
turbine. Steam injection increases the power output of a gas turbine by incres- 
ing the mass flow (and its specific heat) through the turbine without signifi- 
cantly increasing the power required to drive the compressor. If the steam is 
generated by recovering otherwise wasted heat from the gas turbine exhaust, the 
power system efficiency would also be increased. From this standpoint a steam- 
injected gas turbine cycle is thermodynamically similar to a combined gas- 
turbine - steam-turbine cycle. However, the steam portion of the steam injected 
cycle operates at much lower pressure levels, and higher temperature levels than 
the steam portion of a conventional combined cycle. It also has a potential 
cost advantage of not requiring a separate steam turbine generator or its heat 
rejection system. 

Several investigators (refs. 1 to 4) have analytically shown that a con- 
siderable increase in performance (both power and efficiency) can be achieved 
by injecting steam into the combustor of a gas turbine. Although the authors 
of reference 2 did consider a variation in compressor-pressure ratio with 
increased mass flow, most analyses have estimated the performance of a gas 
turbine at each steam injection rate assuming design-point performance. They 
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have not included the analysis of a fixed set of hardware for a variation in 
the amount of injected steam. A potential advantage of steam-injection gas 
turbines is the ability to change power level by* changing the steam- Injection 
rate, while holding the turbine-inlet temperature at a constant value. This 
could result in attractive performance over a range of power outputs for a 
fixed machine. 

One purpose of this investigation was to determine the effect of steam 
injection on the performance of a gas-turbine system using turbomachinery not 
specifically designed for steam injection. The system operating parameters 
(such as turbine-inlet temperature and compressor-pressure ratio), used in this 
report were based on presently available, advanced, single-shaft, heavy-duty 
gas turbines. The turbomachinery characteristics used in the calculation of 
off-design operation were scaled from available performance maps of aircraft- 
type gas turbines. These maps would not necessarily match those of heavy-duty 
industrial gas turbines but should be suitable to indicate the proper trends 
and to assess the potential performance advantages in using steam injection in 
gas turbines. 

When the amount of steam injection is increased in a particular fixed- 
geometry gas turbine, the turbine fiow increases relative to the compressor 
flow, increasing the compressor back pressure and moving the compressor pres- 
sure ratio toward the surge line. The initial surge margin available to the 
compressor depends on its design operating point. Because the operating point 
of a particular gas turbine might be different when used with a coal-derived 
gaseous fuel compared with a conventional liquid fuel, it is of interest to 
consider a variety of fuel types in assessing the advantages of steam injection. 
Also, in a power system integrated with a gasifier, it might be necessary to 
start up using a fuel other than that produced by the gasifier or to be able to 
operate on a second fuel if the gasifier for some reason must be shut down. 
Therefore, the performance of a specific gas turbine with steam injection was 
considered using coal derived low and intermediate heating value fuel gases, 
as well as a conventional distillate. Systems using low heating value fuel 
from both an atmospheric gasifier and from a pressurized gasifier were consid- 
ered. The emphasis here is not to evaluate or compare gasifier designs but to 
determine the effect of the fuels obtained from the various gasifiers. Calcu- 
lations were performed assuming that the turbomac.hinery operated at the design 
point for only one of these fuels. The operating point was then calculated for 
each of the other fuels. In each case a range of steam injection rates were 
considered. Two sets of such calculations were made: one assuming that the 

turbomachinery operated at its design point when low heating value fuel from 
an atmospheric gasifier is used, the other assuming that intermediate heat- 
ing value fuel from a pressurized gasifier is used. 

The turbine-inlet temperature was assumed constant at 1093° C (2000° F) . 

The effects of turbine cooling we re not included in. the analysis. The inlet 
steam conditions to the combustor were assumed to be 482° C at 1.379 MPascal 
(900° F at 200 psia) in all cases. 
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DESCRIPTION OF SYSTEMS AND ASSUMPTIONS 

Four basic gas turbine system configurations were evaluated. The basic 
distinction between the four configurations is the type of fuel used. 

Configuration I - Simple steam-injected gas turbine fueled by the products of 
an air-blown coal gasifier operating at atmospheric pressure. 

Configuration 2 - Simple steam-injected gas turbine fueled by the products of 
an air-blown pressurized coal gasifier. 

Configuration 3 - Simple steam- injected gas turbine fueled by the products of 
an oxygen-blowr. pressurized coal gasifier. 

Configuration 4 - Simple steam-injected gas turbine fueled by a light 
distillate. 

Configuration 1 is shown schematically in figure 1(a). Ambient air at 16° C 
(60° F) and 0.010 MPascals (14.7 psia)) is pressurized in a compressor, heated 
in the combustor together with injected steam by the burning of fuel from the 
gasifier, and expanded in the turbine. The turbine drives the compressor and 
generator. The heat in the turbine exhaust is used to raise 482° C (900° F) , 
1.379 MPascal (200-psia) steam in a heat recovery boiler, a portion of which 
is used for steam injection (the remainder could be used as process steam). 

The turbine-inlet temperature was maintained at 1093° C (2000° F) in all cases. 
The fuel from the gasifier was assumed to enter the gas turbine combustor at 
316° C (600° F) and at a pressure 0.334 MPascals (48.5 psia) above the compres- 
sor exit pressure. The composition of the fuel going into the combustor is 
given in table I for each configuration. The auxiliary power requirement in- 
cluded in this configuration was that required to raise the low heating value 
fuel gas to a pressure 0.334 MPascals (48.5 psia) above the main compressor- 
discharge pressure. 

Configuration 2 (fig. 1(b)) is similar to configuration 1 except that the 
pressurized air required by the gasifier is supplied from the gas-turbine com- 
pressor. The auxiliary power requirement included in this configuration is the 
power necessary to increase t.he air supply pressure by 0.334 MPascals (48.5 
psia) in a boost compressor. The gasifier air input to fuel output ratio 
(Ma 2 /Mf - 0.7628) and fuel gas composition as shown in table I were assumed 
constant and unaffected by gasifier pressure level. 

Configuration 3 (fig. 1(c)) is a simple gas turbine fueled from an oxygen- 
blown pressurized gasifier. The oxygen is produced from air and pressurized to 
the operating pressure level of the gasifier (P + 0.334 MPascals (48.5 psia)). 
The gasifier was assumed to require 0.291 kilograms of oxygen per kilogram in- 
termediate heating value fuel output. The fuel composition of the intermediate 
heating value fuel into the gas turbine combustion is given in table I. The 
auxiliary power requirements for this configuration were assumed to be 
(1) 0.255 kilowatt-hour ker kilogram of atmospheric pressure oxygen produced in 
the oxygen plant and (2) the power required to pressurize the oxygen to the 
gasifier operating pressure. 
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Configuration 4 (fig. 1(d)) is a simple steam injected gas turbine using 
a light distillate fuel. Fuel system auxiliary power would he relatively small 

and was not included. 

It was assumed r or all cases that the gasifiers were capable of operating, 
without change in efficiency, over the range of fuel, flow rates required by the 
gas turbine for the various steam injection rates. ‘Die lower stack gas temper- 
ature limit for the turbine exhaust was assumed to he .149° C (300° F) . This 
limit, as will be discussed .later, in all but two cases restricted the maximum 
amount of 482° C (900° F) steam that could be produced by recovering heat from 
the turbine exhaust. 

With the exception of configuration 4, each of the fuel supply systems are 
in various degrees integrated with the power conversion system. U is not the 
purpose of this report to evaluate or compare the various gasifier systems. 
However, to properly compare system performance for the various fuels some con- 
sideration of gasifier performance was required. Included in the net work output 
of the gas turbine systems are the auxiliary power requirements needed to supply 
the fuel gas to the gas turbine combustor at a pressure of 0.334 MPascals (48.5 
psia) above combustor pressure. Auxiliaries associated with coal preparation 
or fuel gas clean up were not included. Figure 2 is an energy flow diagram for 
each of the three coal derived fuel systems. These data are the result of a 
heat balance of a fluid bed gasifier with cold gas clean up. Tn figure 2(b) 
and (e) the fuel gas is reheated by recuperation to 3Lb° C (600° F) . In each 
gasifier steam is produced in the process of cooling the fuel gas« Any part of 
this steam could be used for steam injection into the gas turbine combustor. 

To arrive at the system efficiency the gas turbine cycle efficiency was 
multiplied by the effective efficiency, ng> of the fuel supply systems. The 
Hg is equal to the fuel energy input to the gas turbine (Qp,0T) divided by the 
coal energy input to the fuel supply system (Qrj,ooa.l) am * ^ based on 

only the higher heating value of the fuel gas and coal based on the 

higher heating value of Illinois number 6 coal 28.46 Mj/Kg (12 235 Btu/lb). 

For configurations i and 2 rjg = 0.760, for configuration 3 rig “ 0.806. 

As mentioned in the introduction, two sets of calculations were made. One, 
designated design option 1, is where system configuration 1 (without steam in- 
jection) operated with the parameters listed in table 11. Configurations 2 to 
4, with and without steam injection, as well as configuration 1, with steam 
injection, were then considered as operating in an off-design mode. The second 
set of calculations, design option 2, is where configuration 3 (without steam 
injection) operated with the parameters listed in table 11. Here, configuration 
1, 2, and 4, with and without steam injection, as well as configuration 3, with 
steam injection, were operated in an off-design mode. All calculations were 
performed using the compressor and turbine characteristics shown in figures 3. 
These characteristics, obtained by scaling a large aircraft-type turbomachine 
to an industrial size operating with the chosen design parameters, apply to a 
single-shaft gas turbine operating at its design speed. The pressure losses 
for each component with the addition of steam injection and the other fuels 
were assumed to change according to Lite relation 
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where 

♦ 

M is the mass flow rate, 

T is the inlet temperature, 

P is the inlet pressure, 

AP is the component pressure drop, 

and the subscript d indicates design condition. 


DESIGN OPTION .1 RESULTS 

The effect of fuel type on the performance of design option 1 turbomachin- 
ery is shown in table III. As stated previously, design option 1 turbomachinery 
was sized for the parameters listed in column 1 (configuration 1). The results 
shown are without steam injection (M s /M a = 0). There is a 28 to 35 percent de- 
crease in the gross output for configurations 2 to 4 compared with configura- 
tion 1. The design fuel to air ratio for configuration 1 was 0.257. This 
means there is 25.7 percent more mass flow through the turbine than through the 
compressor, resulting in a higher gross work output per pound of airflow. As 
the heating value of the fuel increases (for intermediate Btu and light dis- 
tillate fuels), the fuel to air ratio required to maintain 1093° C (2000° F) 
turbine inlet temperature decreases (i.e., (F/A) Con f 3 * 0.076 and (F/A)c on f 4 
* 0.022) which lowers the gross specific work output. However, when the auxil- 
iary power required to compress the fuel and/or oxidizer are deducted from the 
generator output, the resulting difference in net power between configuration 1 
and the other three is reduced 12 to 15 percent. It should be noted that the 
relatively small amount of auxiliary losses shown for configuration 2 results 
because a major portion of the power required for the pressurization of the 
oxidizer is supplied by the gas turbine compressor and is, therefore, included 
in the determination of the gas turbine generator output. 

There are three efficiency values shown in table III. Gas turbine effi- 
ciency (hgt)* w hich is defined as the generator output divided by the energy 
input to the gas turbine combustor based on the higher heating value of the 
fuel gas. Cycle efficiency (bcycle) is generator output minus the auxil- 
iary power required for motor driven air or fuel gas compressors (net power 
output), divided by the energy input to the gas turbine combustor. And system 
efficiency which is, except for configuration 4, the net power output divided 
by the coal energy input to the gasifier based on the higher heating value of 
the coal. For configuration 4 the light distillate fuel was assumed not be 
derived from coal and to require no auxiliary power so the three efficiency 
values are the same. The gas turbine efficiency is also highest for configur- 
ation 1. This is to be expected since the turbomachinery in the other config- 
urations would be operating at an off-design point with other compressor 
efficiencies and lower pressure ratios. Once the auxiliary losses and gasifier 
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efficiencies are included, the cycle and system efficiencies are higher for the 
intermediate heating value and light distillate fuels (configurations 3 and 4). 
The detailed performance results using steam injection are tabulated in 
table IV. The performance results are presented in figures 4 to 6. 

Figure 4 illustrates the effect of steam injection on the net power output 
for the four configurations. The trend for all configurations is an approxi- 
mately linear increase in net power for increasing steam to air ratios. There 
is approximately an 8 electrical megawatt (MW e ) increase in power for each 0.1 
increase in the steam to air ratio. The maximum amount of steam that can be 
injected into the combustor is limited by the surge margin of the compressor 
The compressor-pressure ratio increase toward the surge line as the steam- 
injection rate increases. The steam to air ratio at which compressor surge is 
encountered is indicated in figure 4. It varies from a steam to air ratio of 
slightly more than 0.2 for configuration 1 to 0.5 for conf igi i.ir Ion 4. In all 
configurations steam can be produced by recovering the heat i . . turbine 

exhaust. In the configurations using the coal-derived fuel gases (configura- 
tions 1 to 3) additional steam is generated in the gasification process. (See 
fig. 2.) The limits on the steam to air ratios for these two steam-generating 
sources are also indicated in figure 4. For configuration 1 the compressor 
surge limit is reached before the steam generating capacities are exceeded. 

For configurations 2 to 4 the steam raising capability in the turbine exhaust 
limits the steam to air ratio to approximately 0.22. For configuration 2 this 
steam to air ratio can be increased to 0.37 by also using steam produced in the 
gasification process, while the steam to air ratio for configuration 3 can only 
be increased to 0.26 using gasification steam. The performance results that 
follow, for design option 1, will be restricted to the appropriate limiting 
steam air ratios. 

Figures 5 and 6 present the cycle and system efficiencies over the appro- 
priate steam to air ratios. The trend for all configurations is increasing 
cycle and system efficiencies for increased steam to air ratio. There is 
approximately a 32-percent increase in system efficiency (fig. 6) for config- 
uration 1 for its limiting steam to air ratio. For configurations 2 to 4 there 
is approximately a 40 to 62 percent increase. 

It should be noted that the system efficiency for the light distillate fuel 
(configuration 4) is considerably higher than for the coal derived fuels, be- 
cause that power system was not charged with any fuel conversion efficiency or 
any auxiliary power losses connected with the supply of fuel. If the light 
distillate was derived from coal the system efficiency values shown would then 
have to be modified by a conversion efficiency factor which would bring them 
more in line with other coal derived fuels. If the light distillate was not 
derived from coal its cost of power would be higher than the coal derived fuels. 

Figure 7 is a composite of figures 4 and 6, that illustrates the relation 
of system efficiency, net power output, and steam to air ratio. With steam 
injection the percent increase in efficiency is less than the percent increase 
in net power output due to the additional fuel required to heat the injected 
steam to the turbine- inlet temperature. In a cogeneration application the heat 
in the turbine exhaust might also be used to generate steam for process use as 
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well as for injection. Also, the steam generated in the gasification process 
can be used for either injection or process. To follow a variation in power 
versus steam requirements, it might be desirable to vary the amount of steam 
injection versus the amount of steam used for process. 

Figure 8 illustrates the relation between steam available for process use 
and the steam used for injection into the combustor. Two sets of results are 
shown. One is the result of using only the steam produced by reducing the 
turbine exhaust to the limiting stack temperature. The other is the result of 
using the steam produced from the turbine exhaust plus steam available from the 
particular gasifier. The maximum amount of 482° C (900° F) , 1.379 MPascals 
(200-psia) steam that could be raised with and without gasifier steam is shown 
along the M s /M a ® 0 coordinate. The amount of available process steam de- 
creases linearly for increased injection ratios until all the steam raised is 
used for injection, or in the case of system configuration 1, the compressor 
surge limit is reached. The difference between the two sets of results is the 
steam produced in the gasification process. Both low heating value gasifica- 
tion subsystems produce considerably more steam than the intermediate heating 
value subsystem. The pounds of steam per pound of fuel gas output are slightly 
higher for the low heating value subsystem (0.458 and 0.368 for the atmospheric 
and pressurized low heating value subsystem, respectively, compared with 0.309 
for the intermediate heating value system). However, the total fuel required 
using the low heating value fuel gas is more than three times that required of 
the intermediate heating value gas, resulting in much larger total steam 
production. 

The relation between the total steam available (including any steam gener- 
ated in the gasification process) for process use and net power is illustrated 
in figure 9 over the allowable range of steam to air ratios. This figure is a 
composite of figures 4 and 8. This information illustrates the potential abil- 
ity of these systems to follow variation in power versus steam requirements. 
Both the net power and process steam production is greatest for system config- 
uration 1 at any given steam to air ratio, followed by configurations 2 and 3. 
Configuration 4 produces less steam than configuration 3 but slightly more 
power. 


DESIGN OPTION 2 RESULTS 

The effect of fuel type on the performance of design option 2 is shown in 
table V. Design option 2 turbomachinery was sized for configuration 3 using 
the parameters listed in the second column. The basic comparisons shown are 
again for a steam to air ratio of zero. Configuration 1 was eliminated from 
this option because it was unable to operate below the compression surge point. 
The net power output for the remaining configurations were all approximately 
20 MW e . The gas turbine efficiency for the design configuration (intermediate 
heating value fuel) is approximately the same as obtained using the light dis- 
tillate. But, again, once the auxiliary losses and gasifier efficiencies are 
included, the cycle and system efficiencies are higher for the configuration 
using the light distillate fuel. The cycle and system efficiencies of the low 
heating value fuel configuration were the lowest of the three cases. 


8 


The detailed performance results for option 2 with steam injection are 
presented in table VI, and in figures 10 to 12. Figure 10 Illustrates the 
effect of steam injection on the net power output for the three configurations. 
There is not a significant difference in net power output between the configur- 
ations at any steam to air ratio. The trend for all cases is again a linear 
increase in power for increasing injection rates. There is, again, approxi- 
mately an 8-MWe increase in power for each 0.1 increase in the steam to air 
ratio. The values of the steam to air ratio at which compressor surge is 
encountered and at which the limit of the steam raising capability of the 
turbine exhaust is encountered are indicated. For configuration 2 the surge 
limit is encountered before the steam raising limit. For configuration 3 the 
surge limit and steam raising capability limit both occur at a steam to air 
ratio of approximately 0.20. For configuration 4 the steam raising limit of 
the turbine exhaust occurs well before reaching compressor surge. Additional 
steam is not available for this configuration as it is in the coal-derived fuel 
gas cases. 

Figures 11 and 12 present the cycle and system efficiencies over the 
applicable range of steam to air ratios. The trend is again increasing cycle 
and system efficiencies for increased steam to air ratios. The efficiencies 
are again ranked in the same order as the fuel heating value of each configu- 
ation. The larger difference in system efficiency (fig. 11) results because 
the calculation for light distillate fuel does not have fuel conversion losses. 

Figure 13 is a composite of figures 10 and 12 and illustrates the relation 
between system efficiency, power output, and injection ratio. The trend is 
again increasing power and efficiency with increased injection ratio, with the 
magnitude of increase dependent on the configuration. As mentioned in the 
design option 1 results, the percent increase in efficiency is less than the 
percent increase in power output because of the additional fuel required for 
steam injection. 

Figure 14 illustrates the relation between the steam available for process 
use and that used for steam injection. Again, there are two sets of results: 
one for only the steam raised by reducing the turbine exhaust to the stack 
limit; the other for the total steam producing capability that includes steam 
raised in the gasifiers. The total amount of available process steam decreases 
linearly for increased injection ratios until the compressor surge limit is 
reached or in the case of configuration 4 (the light distillate case) all the 
steam raised is used for injection. 

Figure 15 illustrates the relation between power, total process steam pro- 
duction, and the amount of steam injection. The trends are similar to those 
shown for design option .1 (fig. 9) except here configuration 3 is also limited 
by the compressor surge margin. 


CONCLUDING REMARKS 

Both the net power output and efficiency of gas turbine systems can be in- 
creased by injecting steam into the combustor of the gas turbine. As an 
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increasing amount of steam is injected into the combustor of a fixed geometry 
gas turbine, the mass flow through the turbine increases relative to the mass 
flow through the compressor. This Increased relative flow increases the com- 
pressor back pressure moving the compressor pressure ratio toward the surge 
line, The maximum increase in performance depends on the surge margin avail- 
able to the particular compressor. 

The turbomachinery characteristics assumed for this analysis had a suffic- 
ient surge margin to accommodate a significant amount of steam injection (up 
to 50 percent of the compressor flow rate). This steam injection did provide 
substantial increases in both power and efficiency. The percent increase in 
power is about twice the increase in efficiency for a unit increase In steam 
Lnj ection. 

Although the turbomachinery in this analysis was capable of accepting a 
significant amount of steam, the actual amount of steam available, for injection 
depends on the steam generating capability of the entire power system. Steam 
can be raised by recovering heat from the turbine, exhaust products. This 
analysis considered gas-turbine systems fueled by either an atmospheric or a 
pressurized low heating value fuel gasifier, a pressurized intermediate heating 
value fuel gasifier, or by a conventional light distillate. Steam produced in 
the gasifiers is also available for injection into the gas-turbine combustor. 

In all but two of the power systems considered in this analysis, the maximum 
system steam raising capability (through exhaust heat recovery and gasifier 
steam) was between 18 and 26 percent of the compressor air flow. This amount 
of steam injection resulted in power increases of 68 to 100 percent an7. effici- 
ency increases between 32 and 52 percent over the respective cases without 
steam injection. The system fueled by a pressurized low heating value fuel 
gasifier had a system steam raising capability of 37 percent of compressor flow, 
which results in power and efficiency increases of .145 and 62 percent, respec- 
tively, over the noninjected case. The percent increase in performance with 
steam injection is relatively insensitive to the type of fuel. Steam injection 
could apply equally well to the various types of integrated-gasifier - gas- 
turbine systems. However, the use of certain fuels or integration schemes 
offer a greater potential performance increase. 

In an industrial cogeneration application, part of the steam generated by 
gasifier and the gas-turbine exhaust heat recovery can be used for steam injec- 
tion, and part can be used to meet industrial process needs. By varying the 
amount of steam used for injection, the ratio of power to process steam produced 
by the system can be easily varied. As stated previously, the power output can 
be varied by up to 145 percent for the cases studied here. When the maximum 
steam injection rate is used, the steam available for process is zero in all but 
three cases studied here. (In those three cases the compressor surge line limit 
was reached before all the steam available was used for injection). When the 
steam-injection rate is reduced to zero, the steam available for process use is 
1769 to 3266 kilograms per hour (3900 to 7200 pounds per hour) per megawatt of 
power produced for the cases studied. 
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TABLE I. - FUEL COMPOSITION FOR EACH CONFIGURATION 


Spec ics 

Power system configuration 

1 

2 

3 

4 


Mas a 

fraction 



CO 

0.2906 

0.2906 

0.6033 

0 

CO 2 

.0913 

.0913 

. 28 70 



»2 

.0116 

.0116 

.0281 



Cll 4 

.0150 

.0150 

. 0685 



n 2 

.5851 

. 58 j>1 

.0051 



h 2 s 

.0005 

.0005 

.0012 



1I 2 0 

.0059 

.0059 

.0069 



fill. 942 

0 

0 

0 

1.0 

Higher heating value 






Mj/Kg (Btu/lb) 

5.42 (233 2) 

5.42 (2332) 

13.91 (5982) 

43.26 (18 600) 


TABLE IX. - GAS TURBINE DESIGN OPERATING POINT PARAMETERS 


Compressor pressure ratio 

11.0 

Compressor efficiency (adiabatic) 

0.846 

Turbine inlet temperature, °C (°F) 

1093 (2000) 

Turbine pressure ratio 

9.735 

Turbine efficiency (adiabatic) 

0.91 

boss pressure ratio*: 

0.885 


0.0135 

(AP/P W. Q.Q 

0.030 


0.0135 

w/p w®.® 

0.0135 

ww (&<[i 

0.050 

Mechanical efficiency 

0.98 

Generator efficiency 

0.96 

Compressor inlet air flow, J*£L ( 

sec \sec/ 

69.04 (152.21) 

Steam to air ratio 

0 


“Subscripts refer to duct locutions shown in fig. 1. 













output minus the power required for motor driven air, oxygen, or fuel S as compressors 



results - ijhstl:; opt id:; 




ORIGINAL PAGE is 

Of poor quality 


L 



TABLE IV. - DETAILED PERFORMANCE 
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or injection 


(a) Configuration 1.* gas turbine with steam injection fueled from an air- 
blown atmospheric gasifier. 


Air 



(b) Configuration 2: gas turbine with steam Injection fueled from an air- 
biwn pressurized gasifier. 

Figure 1. - System schematics. 



















Heat recovery 



(a) Configuration 1; atmospheric gasifier, low Btu fuel. 



( 2 . 0 ) 

(b) Configuration 2: pressurized gasifier, low Btu fuel. 

Figure 2. - Energy flow paths for fuel supply systems of configurations 1, 
2, and 3. 
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(C) Configuration 3: pressurized gasifier, intermediate Btu fuel. 


Figure l. - Concluded. 
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Figure 3. - Compressor and turbine characteristics for design 
options 1 and 2. 
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design option L 
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Figure 8. - Relation between steam used to increase power and that available for process use. 
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Figure 9. • Cogeneration system performance tor the fixed turoomachinery size of design option l 
for the various fuels. Steam temperature and pressure, 900° and 200 psi. 
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Figure 10. - Effect of fuel type and steam injection on net power 
output for the fixed turbomachinery size of design option 2. 
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Figure 11. - Effect of fuel type and steam injection on cycle 
efficiency fixed turbomachinery size of design option L 


ORIGINAL 

. , . m. f+ f-' 


PAGE IP 


Bast'd on distillate Ml IV; 
off site coal to distillate 
conversion efficiency 
not included 



compressor surge 
Limit of steam raising 
capability in turbine 
exhaust 

f uel type 

Lew Btu pressurized gasifier 
(configuration 2) 

Intermediate Btu pressurized 
gasifier (configuration 3) 
Light distillate (configuration 4) 


15 


a L ) 

. 10 . 20 . 30 


Steam to compressor air flow ratio, m^m a 


I jejure 14 - Effect of fuel type and steam injection on system ef- 
ficiency for the hxrd turbomachinery size of design option 4 


45 r 


35 


/ 


.§ \J 

<0 


30 


25 h 


/ 


P 

A 15 


Steam to compressor 
/ A *1° air flow ratio, m,-'m a 

} > o 


V 

o 


/20 

^.15 

Aio 

/ 

/. 05 

05 


% 


Compressor surge 
Limit of steam raising 
capability in turbine 
exhaust 

Fuel type 

low Btu pressurized gasifier 
(configuration 2) 
Intermediate Btu pressurized 
gasifier (configuration 31 
Light distillate (configuration 4) 


40 


30 

Net power, M\V e 

figure 13. - Performance ot gas turbine power cycles for the 
fixed turbomachim ry size of design option l for various 
fuels and steam-injection ratios. 


\.ef power 


//!> 






. in 


\ 


AVj 


fi 


0 


X; 

•\ S 

«S \ 

Sli'iim produced /v’s. \ 

ffoin turbine exhaust *' \Vv S 

?o m — \ 

<u 40 00 


Compressor surge limit 
f uel type 

Low : Btu Pressurized gasifier 
< configuration 2) 
Intermediate Btu pressurized 
gasifier (configuration ii 
U9h ' distillate (configuration 4) 


Includes process steam 
^ av, allai)le from gasifier 
(3nd turbine exhaust 



Process steam production, lb/hr 120x10^ 

•trailed, for process w^ltesljn a^ton 2^ i ” er ** s * P«»er and that 
pressine, 90P° r, and ?uo PS j ^ 2 ‘ Mea,n temperature and 




tl . ; i*itoimmg Organization Name and Addfpv-s 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

1 / fipmwng Agency Name and Address 

l National Aeronautics and Spare Administration 
Washington, D,C. 20540 

[ t»j Supplemental > 


3. Recipient's Catalog No 


*3 Report Date 

November 1980 


6. Performing Organisation Code 

778-40-12 


8 Performing Organization Report No 

E-609 


10. Work Unit No 

11. Contract or Grant No 

13 Type of Report and Period Covered 

Technical Memorandum 

14. Sponsoring Agency Code 


U, Attract 

The results of an analysis In estimate the ofl-design performance of a specific gas turbine 
powerplant augmented by steam injection arc presented. Results are compared using coal- 
derived low and intermediate heating valve fuel gases and a conventional distillate. The results 
indicate that steam injection could provide substantia) increases in both power and efficiency 
within the available compressor surge margin. The results also indicate that these perform- 
ance gains are relatively insensitive as to the type of fuel. 


J 7 Words (Suggested hy Author (sH 
Strum injection 
Gas turbines 
Combined cycles 


1A fu.Vul<I, C‘Mwf (of this fCpO'ti 

l : nc l.is si fieri 


18 Distribution Statement 

Unclassified - unlimited 
STAR Category 44 


20 Security Cunsif (of this pagei 

l ik* lassified 


21. No of Pages 



* fu: s.ilt In I hi Nuh.ai‘ 1 »\ h.»»i ,i! Cch'mCoh So: v t . «» Sp 1 <npf icit! Vup.mia 22161 


*. A C ln> i h’t'\ IP 







National Aeronautics and 
Space Administration 

Washington, D.C. 

20546 

Oflicia! r iiineit 

Penalty for Private Use, $300 


SPECIAL FOURTH CLASS MAIL 
BOOK 


Postage and Feat Paid 
National Aeronautic! and 
Space Administration 
NASA-451 



W\SA 


POSTMASTER: 


If Undclivcrable (Section 158 
Postal Manual) Do Not Return 



FILMED 


